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The  mimetic  underpotential  deposition  (MUPD)  technique  without  external  potential  control  has  been 
newly  extended  for  surface  decorations  of  Pb  sub-monolayer  on  Pt  (denoted  as  Pt@Pb),  Pt  (sub)mono- 
layer  on  Au  (denoted  as  Au@Pt),  and  Pt— Pd  mixed  monolayer  on  Pd  (denoted  as  Pd@Pt— Pd),  respectively, 
by  introducing  appropriate  reducing  agents  in  decorating  baths.  The  carbon  black-supported  Pt@Pb 
catalyst  (denoted  as  Pt@Pb/C)  is  obtained  simply  through  the  Pb  MUPD  on  Pt/C  whereas  the  Au@Pt  and 
the  Pd@Pd-Pt/C  catalysts  are  obtained  through  the  Cu  MUPD  followed  a  subsequent  galvanic  redox 
replacement.  The  electro-oxidation  of  formic  acid  is  used  as  a  model  reaction  to  verify  the  effectiveness 
of  such  surface  modifications.  The  tremendously  enhanced  activities  on  various  electrocatalysts 
demonstrate  that  the  extended  MUPD  approach  is  promising  for  scale-up  skin  modification  on  nano¬ 
catalysts  with  foreign  adatoms. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  pursuit  of  low  temperature  fuel  cells  as  promising  clean 
energy  sources  calls  for  ongoing  improvements  on  the  relevant 
catalysts  by  taking  advantage  of  nanomaterial  design  and  prepa¬ 
ration  [1-3].  A  great  deal  of  effort  has  been  devoted  to  increasing 
their  catalytic  activities  and  reducing  noble  and  rare  metal  loadings 
by  means  of  alloying  or  texturing  nanostructures  with  other  metals 
[4-8].  Among  them,  the  skin  modification  approach  has  been 
proved  very  effective  because  of  its  unique  feature  of  conferring 
catalysts  with  enhanced  activity  and  high  utilization  of  precious 
metals  [9].  A  widely  used  approach  that  enables  the  deposition  of 
foreign  metal  atoms  (adatoms)  on  various  substrates  is  the  so- 
called  underpotential  deposition  (UPD),  i.e.,  electrodeposition  at 
a  potential  more  positive  than  the  corresponding  reversible  Nernst 
potential,  allowing  the  control  of  the  deposits  at  (sub)monolayer 
level  [10-12]. 

Over  the  past  decades,  UPDs  of  IIIA,  IVA  and  VA  group  metals  on 
Pt  electrodes  [13,14],  Cu  on  Au  [15-17],  Pt  [18,19]  and  Pd  [20,21], 
and  Pt  [22-24],  Rh  and  Sn  on  Pt  [25],  have  been  reported  and  tested 
for  the  electrocatalytic  oxidations  of  formic  acid  (FA)  [13,15,16,24] 
and  methanol  [20,25,26]  as  well  as  the  reduction  of  oxygen 
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[18-21,26].  Notably,  Adzic’s  group  proposed  a  tactic  combining  Cu 
UPD  and  galvanic  redox  replacement  [27]  for  the  controlled  deco¬ 
ration  of  Pt  adatoms  on  metal  surfaces,  further  expanding  the 
application  of  the  Cu  UPD  [19,20].  Recently,  Wang  et  al.  reported 
NPG— Pti— Aux  electrocatalyst  based  on  combined  Cu  UPD-redox 
replacement  on  nanoporous  Au  (NPG)  sheet,  leading  to  a  signifi¬ 
cantly  enhanced  performance  for  FA  oxidation  [16].  Flowever,  all 
the  above-mentioned  UPD-involved  surface  modifications  require 
external  electricity  controls,  and  thus  their  applicability  is  limited 
to  regular  bulk  electrodes  or  nanocatalysts-coated  electrodes,  and 
may  not  be  suited  for  scale-up  surface  modification  on  powder 
nanocatalysts  as-synthesized  or  commercially  supplied. 

To  address  this  issue,  we  proposed  an  electroless  mimetic 
underpotential  deposition  (MUPD)  which  exploits  suitable  reduc- 
tants  to  adjust  the  open  circuit  potential  (OCP)  of  a  metallic 
substrate  in  a  decorating  bath  to  a  suitable  UPD  potential  [28].  Later, 
Adzic’s  group  [21]  reported  a  specially  designed  electrochemical 
cell  with  its  conducting  inner  wall  as  the  working  electrode  and  the 
Pd/C  catalyst  powder  suspended  in  electrolyte  was  mechanically 
stirred  to  continually  hit  the  inner  wall  of  the  cell  to  attain  the 
electrochemical  Cu  UPD  on  Pd  surfaces.  Since  our  MUPD  is  an  all¬ 
wet  chemical  immersion  process  without  any  external  potential 
control,  it  is  expected  to  benefit  scale-up  surface  modification  for 
various  types  of  catalysts,  including  but  not  limited  to  the  powder 
form.  Nevertheless,  initial  success  of  this  MUPD  approach  was  only 
exemplified  with  the  case  of  decorating  Sb  on  Pt  surfaces  [28],  and 
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further  development  of  this  method  is  thus  highly  demanded  for  its 
wider  applications. 

In  this  work,  we  aim  to  extend  the  MUPD  strategy  to  the 
decoration  of  Pb  on  Pt  surfaces,  and  Cu  on  M  surfaces  (M  =  Pt,  Pd 
and  Au)  by  introducing  appropriate  reducing  agents.  In  conjunction 
with  subsequent  galvanic  redox  replacement,  the  surface  Cu  atoms 
can  further  be  replaced  with  Pt  or  mixed  Pt  and  Pd  adatoms.  The 
electro-oxidation  of  FA  which  is  relevant  to  the  anode  reaction  in 
a  direct  formic  acid  fuel  cell  (DFAFC)  was  chosen  as  a  model  reac¬ 
tion  to  examine  the  effectiveness  of  this  approach  for  modifying  the 
metallic  surfaces  in  both  bulk  and  powder  forms.  The  results  open 
a  promising  avenue  to  impart  sizably  existing  carbon  supported  or 
unsupported  Pt  and  Pd  nanocatalysts  with  higher  electrocatalytic 
activities  towards  (but  not  limited  to)  FA  oxidation. 

2.  Experimental 

2.1.  Surface  modification 

All  chemicals  used  in  the  preparation  procedure  were  of 
analytical  reagent  grade  and  purchased  from  Sinophram  Chemical 
Reagent  Co.,  Ltd.  Milli-Q  water  (>18.2  MQ  cm,  Millipore)  was  used 
throughout  the  experiments. 

The  procedure  for  Pb  MUPD  on  Pt  surfaces  or  Cu  MUPD  on  Au 
surfaces  was  similar  to  that  described  in  our  previous  work  [28]  and 
shown  in  Scheme  1.  For  surface  decoration  of  Pb  adatoms  on  a  Pt 
disk  (0  =  2  mm),  the  Pt  electrode  was  immersed  in 
0.1  mM  Pb(N03)2  and  2  mM  ascorbic  acid  (AA)  at  25  °C  for  2  min  to 
form  Pb  MUPD  on  Pt  surfaces  (denoted  hereafter  as  Pt@Pb);  For 
surface  decoration  of  Cu  adatoms  on  a  Au  disk  (0  =  3  mm),  the  Au 
electrode  was  immersed  in  deaerated  0.5  mM  Q1SO4  and  5  mM 
glyoxal  at  30  °C  for  20  min  to  attain  Cu  MUPD  on  Au  surfaces 
(denoted  hereafter  as  Au@Cu).  The  MUPD-modified  electrodes 
were  rinsed  with  copious  amount  of  ultrapure  Milli-Q  water  for 
further  measurement  or  treatment.  The  Au@Cu  electrode  was  then 
transferred  to  a  solution  of  1  mM  H2PtCl6  and  0.1  M  FI2SO4,  and 
stored  for  10  min  to  form  the  Au@Pt  electrode  via  the  galvanic 
redox  replacement  reaction.  For  the  Cu  MUPD-redox  replacement, 
all  solutions  were  deaerated  beforehand  with  an  ultrapure  argon 
flow  for  40  min  to  minimize  possible  oxidation  of  Cu  MUPD  layer  by 
the  dissolved  oxygen. 

Pb  MUPD  on  powdered  Pt  nanoparticles  was  attained  either  on 
a  Pt/C  (20  wt.%,  E-TEK)  nanocatalyst-coated  glassy  carbon  (GC) 
electrode  or  in  an  aqueous  suspension  of  the  Pt/C.  For  the  former 
(denoted  hereafter  as  Pt@Pb/C-MUPD-a),  the  commercial  Pt/C 
catalyst  was  coated  on  a  GC  rotating  disk  electrode  (GC-RDE)  in 
a  same  protocol  as-described  in  subsection  2.3,  and  then  the  elec¬ 
trode  was  soaked  in  a  bath  containing  0.1  mM  Pb(N03)2  and  2  mM 
AA  at  25  °C  for  20  min.  A  longer  immersion  time  than  that  for  the 
bulk  Pt  electrode  was  needed  to  achieve  a  given  Pb  coverage  on  Pt 
nanoparticles  trapped  in  the  Pt/C-Nafion  mixed  overlayer.  For  the 
latter  (denoted  hereafter  as  Pt@Pb/C-MUPD-b),  the  Pt/C  powder 


was  suspended  in  Milli-Q  water  under  sonication  for  1  h  and  then 
transferred  into  a  solution  containing  0.1  mM  Pb(N03)2  and  2  mM 
AA  at  25  °C  for  ca.  2  min,  followed  by  a  fast  filtration  and  a  thorough 
rinse  with  Milli-Q  water.  The  Pt@Pb/C  powder  thus  obtained  was 
dried  at  50  °C  under  vacuum.  In  contrast,  irreversible  adsorption 
(IRA)  of  Pb  on  Pt  surfaces  of  supported  Pt/C  overlayer  and  dispersed 
Pt/C  in  neat  0.1  mM  Pb(N03)2  leads  to  the  samples  denoted 
respectively  as  Pt@Pb/C-IRA-a  and  Pt@Pb/C-IRA-b.  For  surface 
modification  of  the  Pd/C  nanocatalyst  (40  wt.%,  BASF)  with  MUPD 
of  Cu  and  subsequent  galvanic  redox  replacement,  a  similar 
procedure  was  adopted  except  that  aliquots  of  ethanol  (the  final 
volume  ratio  of  water  to  ethanol  was  7:1)  were  added  respectively 
to  the  MUPD  solution  containing  0.5  mM  Q1SO4  and  the  redox 
replacement  solution  containing  0.1  mM  I<2PtCl4,  0.9  mM  F^PdCU 
and  0.1  M  H2SO4  to  achieve  a  better  dispersion  of  Pd/C  nano¬ 
particles.  After  being  sonicated,  and  separated  by  centrifugation, 
the  mixed  Pd  and  Pt  adatoms-decorated  Pd/C  (denoted  hereafter  as 
Pd@Pd-Pt/C)  catalyst  was  dried  at  70  °C  under  vacuum. 

2.2.  Materials  characterizations 

The  chemical  composition  of  the  as-prepared  catalysts  was 
evaluated  with  inductively  coupled  plasma-atomic  emission  spec¬ 
troscopy  (ICP-AES,  Hitachi  P-4010)  by  determining  the  concentra¬ 
tion  of  dissolved  metallic  species  from  the  catalyst  powder  using 
hot  aqua  regia  of  a  known  volume.  The  morphology  of  the  nano¬ 
particles  was  examined  by  transmission  electron  microscopy  (TEM) 
with  a  JEM-2100F  microscope. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  were  run  on  a  CFII660B  work¬ 
station  (CFI  Instruments,  Shanghai)  in  deaerated  0.5  M  FI2SO4,  or 
0.5  M  FI2SO4  and  0.5  M  HCOOFI  (FA).  Either  the  above-mentioned 
Au  and  Pt  disks  or  the  nanocatalyst-coated  GC-RDEs  served  as  the 
working  electrodes.  A  Pt  sheet  was  used  as  the  counter  electrode, 
a  saturated  mercurous  sulphate  electrode  as  the  reference  elec¬ 
trode  to  avoid  the  interference  of  Cl-.  Flowever,  all  the  following 
potentials  were  quoted  with  respected  to  saturated  calomel  elec¬ 
trode  (SCE).  All  electrochemical  measurements  were  performed  at 
30  °C. 

The  catalyst  ink  was  prepared  by  dispersing  1  mg  of  the  as- 
prepared  Pt@Pb/C  or  Pd@Pd-Pt/C  in  a  solution  containing  750  pL 
of  ultrapure  water  and  170  pL  of  absolute  ethanol  mixed  with  80  pL 
of  Nation  (5  wt.%  ethanol  solution,  Aldrich)  under  sonication  for 
30  min.  Then,  a  desired  amount  of  the  ink  was  spread  on  a  GC-RDE 
(0  =  5  mm)  via  a  transfer  pipette  to  attain  a  Pd  loading  of 
28  pg  cm-2  and  then  was  naturally  dried  at  room  temperature.  A 
similar  procedure  was  used  to  prepare  a  Pt@Pb/C-coated  GC  elec¬ 
trode,  with  a  Pt  loading  of  28  pg  cm-2. 

3.  Results  and  discussion 


Surfaces 

(Pt,Au,Pd) 


Redox-replacement 
solution 


Cu(Pb)  ML 


Redox- 
replacement 


ML=  monolayer 


Scheme  1.  Schematic  diagram  for  MUPD-redox  replacement  procedure. 


Two  parallel  pathways  are  commonly  assumed  for  the  electro¬ 
oxidation  of  FA  at  Pt  electrodes,  namely,  (1)  direct  dehydrogena¬ 
tion  pathway  to  form  C02  via  possibly  the  formate  intermediate 
species  and  (2)  indirect  oxidation  pathway  which  involves  a  dehy¬ 
dration  step  to  yield  water  and  adsorbed  CO  and  its  further 
oxidation  to  C02  at  high  potentials.  CO  poisoning  due  to  the 
dehydration  of  FA  on  three  contiguous  surface  Pt  atoms  hinders  the 
dehydrogenation  of  FA  at  lower  overpotentials  [29].  Breaking  the 
continuity  of  surface  Pt  sites  can  be  achieved  through  either 
depositing  other  foreign  atoms  onto  a  Pt  electrode  or  depositing 
scattered  Pt  adatoms  on  other  electrodes.  If  so,  not  only  the  dehy¬ 
dration  pathway  is  inhibited  due  to  the  so-called  “third-body” 
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effect,  but  the  surface  electronic  properties  may  be  also  modified, 
enhancing  the  dehydrogenation  pathway  [6].  In  line  with  this 
argument,  three  cases  of  surface  modifications  are  designed  based 
on  our  extended  MUPD  approach  and  tested  for  their  electro- 
catalytic  activity  towards  FA  oxidation  in  the  following. 

3.1.  MUPD  and  MUPD-redox  replacement 

Different  from  the  traditional  UPD  that  is  suited  for  bulk  elec¬ 
trodes,  the  MUPD  is  generally  applicable  to  modify  either  bulk  or 
powder  samples  without  external  electricity  supplies.  The  corre¬ 
sponding  OCPs  for  Pt,  Au  and  Pd  electrodes  decreased  from  0.48, 
0.33  and  0.35  V  to  0.12,  0.27  and  0.15  V,  respectively,  with  the 
addition  of  appropriate  reductants  in  the  precursor  baths  to  remove 
surface  oxide  adlayers  that  were  spontaneously  preformed  on  the 
above  metal  substrates.  These  OCPs  are  close  to  the  reported 
potentials  used  for  Pb  UPD  on  Pt  [22],  Cu  UPD  on  Au  [15],  and  Cu  UPD 
on  Pd  [21].  The  negative  shift  of  OCPs  combined  with  controlled 
immersion  times  enabled  reasonable  coverages  of  foreign  metals  on 
the  substrates  to  be  obtained.  The  redox-replacement  reaction  time 
(10  min)  was  chosen  to  ensure  the  Cu  MUPD  layer  to  be  replaced  by 
a  more  noble  metal  to  a  largest  extent. 

3.2.  Case  study 

3.2.1.  Pt@Pb  bulk  electrode  &  Pt@Pb/C 

Fig.  1A  compares  cyclic  voltammograms  (CVs)  within  hydrogen 
adsorption/desorption  potential  region  in  0.5  M  H2SO4  for  Pt  and 
Pt@Pb  bulk  electrodes  prepared  by  MUPD  method  and  IRA  method. 
The  decreased  hydrogen  adsorption-desorption  charge  indicates 
that  Pb  adatoms  were  decorated  on  Pt  electrode  surfaces.  The  0pb  of 
ca.  0.3  was  calculated  based  on  the  difference  of  hydrogen 


adsorption-desorption  charges  with/without  the  Pb  adlayer, 
which  is  close  to  the  optimal  0pb  value  (ca.  0.35  [13])  for  FA 
oxidation.  In  contrast,  Pb  IRA  on  Pt  electrode  in  Pb(N03)2  solution  in 
the  absence  of  AA  leads  to  a  much  lower  0Pb  value,  and  thus  a  less 
enhanced  oxidation  activity. 

Furthermore,  two  specific  measures  of  the  MUPD  method  were 
applied  to  the  Pb  skin  modification  on  a  Pt/C  catalyst  and  FA 
oxidation  reaction  was  used  to  demonstrate  the  versatility.  Fig.  1 B 
shows  CVs  within  the  hydrogen  adsorption/desorption  potential 
region  for  the  Pt@Pb/C-MUPD,  Pt@Pb/C-IRA  and  Pt/C-coated  GC 
electrodes,  similar  to  those  observed  in  Fig.  1A  in  terms  of  a  higher 
Pb  coverage  with  AA  in  the  Pb-decorating  bath.  Fig.  1 C  shows  the 
forward-scan  voltammograms  for  Pt@Pb/C-MUPD-a,  Pt@Pb/C-IRA- 
a,  and  Pt/C-coated  GC-RDEs  in  0.5  M  FI2SO4  +  0.5  M  FA  at  50  mV  s_1 
and  1000  rpm,  with  the  inset  corresponding  to  those  for  Pt@Pb/C- 
MUPD-b,  Pt@Pb/C-IRA-b.  The  voltammetric  profile  for  the  Pt/C  is 
characterized  by  a  very  low  anodic  peak  at  ca.  0.68  V  with 
a  shoulder  at  ca.  0.3  V,  indicating  that  the  electro-oxidation  of  FA  on 
an  unmodified  Pt/C  is  greatly  hindered  by  strongly  adsorbed  CO  due 
to  the  dehydration  of  FA.  In  contrast,  on  Pb-modified  Pt  electrodes, 
the  FA  oxidation  currents  were  significantly  enhanced  with  a  broad 
peak  locating  at  ca.  0.3  V  and  a  shoulder  at  ca.  0.68  V.  The  enhanced 
dehydrogenation  may  be  ascribed  to  the  so-called  “third-body 
effect”  as  well  as  the  electronic  effect  owing  to  discrete  Pb  adatoms 
on  Pt  surfaces  [30]. 

The  durability  of  catalysts  was  considered  as  another  important 
issue  for  scale-up  applications.  Along  this  line,  the  long-term 
performances  of  these  catalysts  were  further  examined  by  chro- 
noamperometric  measurements,  conducted  on  catalyst-coated  GC- 
RDEs  at  1000  rpm  in  0.5  M  H2SO4  +  0.5  M  FA  with  the  potential 
stepped  from  OCP  (ca.  -0.2  V)  to  0.25  V,  as  shown  in  Fig.  ID.  The 
initial  current  density  decreased  in  the  order  of  Pt@Pb/C- 


Fig.  1.  CVs  in  the  hydrogen  adsorption/desorption  potential  region  in  0.5  M  H2SO4  at  50  mV  s-1  for  (A)  Pt@Pb-MUPD,  Pt@Pb-IRA  and  Pt  electrodes,  and  (B)  Pt@Pb/C-MUPD-a,  Pt@Pb/ 
C-IRA-a  and  Pt/C-coated  GC  RDEs.  (C)  CVs  for  Pt@Pb/C-MUPD-a,  Pt@Pb/C-IRA-a,  and  Pt/C-coated  GC-RDEs  in  0.5  M  FA  and  0.5  M  H2S04  at  50  mV  s"1  and  w  =  1000  rpm.  The  inset 
shows  CVs  for  Pt@Pb/C-MUPD-b,  Pt@Pb/C-IRA-b,  and  Pt/C-coated  GC-RDEs  under  otherwise  same  conditions.  (D)  i-t  curves  measured  for  Pt@Pb/C-MUPD-a,  Pt@Pb/C-IRA-a,  and  Pt/ 
C-coated  GC-RDEs  at  0.25  V  vs.  SCE  in  0.5  M  FA  and  0.5  M  H2S04,  w  =  1000  rpm.  The  inset  is  i-t  curves  for  Pt@Pb/C-MUPD-b,  Pt@Pb/C-IRA-b,  and  Pt/C  catalyst-coated  GC-RDEs 
under  otherwise  same  conditions.  Red,  blue  and  black  curves  in  the  above  plots  correspond  to  Pb  MUPD,  Pb-IRA  decorated  and  undecorated  Pt  surfaces,  respectively.  (For  inter¬ 
pretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  2.  (A)  The  anodic  stripping  voltammogram  for  the  Au@Cu  electrode  in  0.5  M  H2S04,  at  a  scan  rate  of  400  mV  s_1.  The  inset  is  the  CV  on  the  unmodified  Au  electrode  in  0.5  M 
H2S04,  at  a  scan  rate  of  400  mV  s-1.  (B)  CVs  for  FA  oxidation  on  the  Au@Pt  electrode  (red  line)  and  Pt  film  electroplated  on  Au  electrode  (black  line)  in  0.5  M  FA  and  0.5  M  H2S04,  at 
50  mV  s"1  and  w  =  1000  rpm.  The  inset  is  the  CV  for  the  above  Au@Pt  electrode  in  0.5  M  H2S04,  at  a  scan  rate  of  100  mV  s-1.  (For  interpretation  of  the  references  to  colour  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


MUPD  >  Pt@Pb/C-IRA  >  Pt/C,  consistent  with  the  results  in  Fig.  1C. 
On  the  other  hand,  the  Pt@Pb/C-MUPD  also  exhibits  the  best 
catalytic  activity  as  compared  to  its  counterparts  throughout  the 
i-t  test,  suggesting  a  good  electrochemical  durability  for  the  cata¬ 
lysts  as  modified  by  the  MUPD  method. 


3.2.2.  Au@Pt 

The  Cu  MUPD  on  Au  (denoted  hereafter  as  Au@Cu)  electrode 
was  swept  at  400  mV  s-1  from  -0.25  V  to  0.5  V  to  strip  the  Cu 
adlayer  from  Au  (Fig.  2A).  The  stripping  peak  around  0.3  V  for  the 
MUPD  Cu  is  similar  to  that  for  a  regular  UPD  Cu  on  Au  electrode 
[31].  A  typical  CV  for  a  bulk  Au  electrode  is  shown  in  the  inset  of 
Fig.  2A  from  which  the  reduction  charge  for  Au  oxide  monolayer 
contained  in  the  reduction  peak  at  0.89  V  can  be  obtained. 

The  amount  of  MUPD  Cu,  ricu ,  can  be  estimated  from  its  anodic 
stripping  charge  (Q)  : 


E  /  V  vs.SCE 


Q  =  S/v,  nCu  =  Q/nF 

where  S  is  the  integral  area  of  the  stripping  peak,  v  is  the  scan  rate,  F 
is  the  Faraday  constant  and  n  equals  to  2.  By  comparing  the  Cu 
stripping  charge  (2.6  x  10-5  C)  with  the  Au  oxide  reduction  charge 
(4.8  x  10  5  C),  a  Cu  coverage  of  ca.  54%  can  be  estimated.  Through 
the  subsequent  redox-replacement  reaction  in  the  PtCli~-contain- 
ing  solution,  the  Au@Pt  electrode  was  obtained  with  the  deposited 
Pt  amount  of  ca.  6.6  x  1CT11  mol,  given  a  100%  replacement  of  Cu 
(nCu  =  1.32  x  10~10  mol)  by  Pt.  In  fact,  the  MUPD  Cu  atoms  cannot  be 
replaced  completely  by  using  this  process.  According  to  our  ICP-AES 
analysis,  11-16%  of  the  MUPD  Cu  remained  on  an  Au  or  Pd  substrate, 
consistent  with  13%  of  UPD  Cu  intact  on  Au/C  in  a  previous  report 
regarding  the  surface-limited  galvanic  replacement  with  Pt  [17]. 

Notably,  the  MUPD  did  not  yield  a  monolayer  coverage  of  Cu  on 
the  Au  surface,  and  with  the  galvanic  redox  replacement  in  a  Pt 
(IV)-solution,  the  Pt  on  the  Au  surface  corresponds  to  coverage  of 


Fig.  3.  TEM  images  of  the  Pd@Pd-Pt/C  (A)  and  Pd/C  (BASF)  (B).  CVs  for  the  Pd@Pd-Pt/C  (red  line)  and  the  Pd/C  (black  line)-coated  GC-RDEs  in  0.5  M  H2S04  at  50  mV  s-1  (C). 
Positive-going  voltammograms  for  Pd@Pd-Pt/C  (red  line)  and  Pd/C  (black  line)-coated  GC-RDEs  in  0.5  M  FA  and  0.5  M  H2S04  at  50  mV  s-1  and  w  =  1000  rpm  (D).  (For  interpretation 
of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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ca.  0.25.  Nevertheless,  this  low  coverage  benefits  the  discontinuity 
of  surface  Pt  atoms  on  Au  substrate,  inhibiting  the  dehydration 
pathway  to  form  the  CO  poisoning  species  on  Pt  sites.  The  inset  of 
Fig.  2B  shows  the  CV  for  the  Au@Pt  electrode  in  blank  0.5  M  H2SO4. 
The  hydrogen  adsorption/desorption  peaks  at  potentials  negative 
of  0.1  V  SCE  is  characteristic  of  the  decorated  Pt  adlayer  on  Au 
electrode,  in  addition  to  the  cathodic  peaks  for  exposed  surface  Au 
oxide  (at  ca.  1.0  V)  and  Pt  oxide  (at  ca.  0.4  V). 

Fig.  2B  shows  the  positive-going  voltammograms  for  the  Au@Pt 
electrode  and  an  electroplated  thick  Pt  film  on  Au  electrode  in  0.5  M  FA 
and  0.5  M  FI2SO4  at  50  mV  s-1  at  1000  rpm.  Interestingly,  the  Au 
electrode  surface  modified  with  very  small  amount  of  Pt  can  dramat¬ 
ically  enhance  the  FA  oxidation  activity  at  rather  low  oxidation 
potentials,  as  compared  to  the  thick  Pt  film  electrode.  To  quantify  the 
specific  activity  of  Pt  atoms  towards  FA  oxidation,  the  measured  peak 
current  at  0.3  V  is  also  normalized  by  the  total  number  of  Pt  atoms  (the 
bare  Au  has  a  negligible  contribution  to  the  oxidation  current),  leading 
to  a  specific  activity  of  3.3  x  10-17  A  per  Pt  atom,  which  is  10  times  more 
active  for  FA  oxidation  than  the  counterpart  reported  in  literature  [15]. 

3.2.3.  Pd@Pd—Pt/C 

ICP-AES  analysis  on  the  prepared  Pd@Pd-Pt/C  indicated  the 
loading  of  decorated  Pt  atoms  accounts  for  ca.  0.9  wt%  of  the  carbon- 
supported  catalyst,  and  about  15%  of  the  MUPD  Cu  yet  remained  un¬ 
replaced.  The  TEM  image  of  the  Pd@Pd-Pt/C  catalyst  is  shown  in 
Fig.  3A,  together  with  that  of  the  unmodified  Pd/C  in  Fig.  3B.  The 
Pd@Pd-Pt  nanoparticles  are  well  dispersed  on  carbon  black  and  their 
mean  size  is  largely  close  to  that  of  the  Pd/C  sample.  This  observation  is 
in  agreement  with  the  nature  of  surface-limited  galvanic  replacement 
reaction  in  which  a  sub-monolayer  of  mixed  Pt  and  Pd  adatoms  is 
expected  to  decorate  on  underlying  Pd  nanoparticle  cores. 

Fig.  3C  shows  the  CVs  for  the  Pd@Pd-Pt/C  and  the  Pd/C-coated 
GC-RDEs  in  0.5  M  FI2SO4  at  a  scan  rate  of  50  mV  s-1  at  1000  rpm. 
With  the  surface  decoration  of  mixed  Pt  and  Pd  atoms,  the 
hydrogen  adsorption  (absorption)  and  oxidative  desorption  peaks 
change  significantly  together  with  the  oxide  formation  and 
reduction  features.  Specifically  the  facile  hydrogen  oxidation  and 
oxide  reduction  linked  to  the  Pd@Pd-Pt/C  resembles  our  previous 
results  obtained  with  PdxPti_x  alloys  of  low  Pt  contents  [6].  The 
above  electrochemical  features  can’t  be  explained  by  the  simple 
coaddition  of  two  separated  contributions  of  surface  Pd  and  Pt 
domains,  rather  it  may  be  better  considered  as  a  result  of  their 
coeffect,  which  may  involve  inhibited  dehydration  of  FA  on  Pt  sites 
and  a  slightly  decreased  d-band  centre  on  Pd  sites  [6]. 

The  as-formed  Pd@Pd-Pt/C  was  used  as  the  catalyst  for  FA 
oxidation  by  coating  it  on  a  GC-RDE  which  was  then  tested  in  0.5  M 
H2SO4  and  0.5  M  FA  with  cyclic  voltammetry.  Shown  in  Fig.  3D  is 
the  positive-going  voltammogram  from  -0.2  V,  the  peak  current 
density  for  FA  oxidation  on  the  Pd@Pd-Pt/C  is  112  mA  cm-2,  nearly 
twice  as  that  on  Pd/C  (BASF)  catalysts.  Also  notable  is  that  both 
onset  and  peak  potentials  shift  negatively  for  the  Pd@Pd-Pt/C  as 
compared  to  that  for  the  Pd/C.  In  other  words,  the  Pd@Pd-Pt/C  thus 
formed  did  exhibit  greatly  enhanced  electrocatalytic  activity  for  the 
FA  oxidation  reaction.  Further  optimization  of  surface  modification 
conditions  is  under  way  in  order  to  achieve  desired  nanocatalysts 
with  practically  acceptable  activity  and  durability. 

4.  Conclusions 

An  electroless  UPD  method,  i.e.,  MUPD  has  been  extended  to  the 
decoration  of  Pb  on  Pt  surfaces,  and  the  decoration  of  Cu  on  Au  and 
Pd  surfaces  as  well.  The  trick  is  to  introduce  an  appropriate 
reducing  agent  in  a  Pb(II)  or  Cu(II)-containing  electrolyte  to 


regulate  the  open  circuit  potential  of  a  desired  substrate  down  to 
one  that  can  be  used  for  conventional  sub-monolayer  UPD.  In 
combination  with  subsequent  redox  replacements,  the  Cu  deco¬ 
rated  Au  and  Pd  surfaces  can  be  further  changed  to  Pt  adatoms- 
decorated  Au  and  mixed  Pd  and  Pt-adatoms-decorated  Pd 
surfaces,  respectively.  The  validity  and  versatility  of  the  above 
approach  is  examined  with  the  model  reaction,  namely  formic  acid 
oxidation.  Indeed,  the  as-formed  bulk  and  powder  electrocatalysts 
Pt@Pb,  Pt@Pb/C,  Au@Pt  and  Pd@Pd-Pt/C  all  exhibit  greatly 
enhanced  electrocatalytic  activity  towards  FA  oxidation,  as 
compared  to  unmodified  surfaces  or  surfaces  modified  using 
conventional  irreversible  adsorption.  Since  all  the  processes 
involved  are  wet  chemical  ones  without  external  electrical  control, 
this  newly  extended  approach  is  particularly  suitable  for  scale-up 
surface  modification  of  Pt,  Pd  and  Au-based  electrocatalysts 
towards  higher  performances. 
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